A myopathy with severe exercise intolerance and myoglobinuria has been described in patients from northern Sweden, with associated deficiencies of succinate dehydrogenase and aconitase in skeletal muscle. We identified the gene for the iron-sulfur cluster scaffold protein ISCU as a candidate within a region of shared homozygosity among patients with this disease. We found a single mutation in ISCU that likely strengthens a weak splice acceptor site, with consequent exon retention. A marked reduction of ISCU mRNA and mitochondrial ISCU protein in patient muscle was associated with a decrease in the iron regulatory protein IRP1 and intracellular iron overload in skeletal muscle, consistent with a muscle-specific alteration of iron homeostasis in this disease. ISCU interacts with the Friedreich ataxia gene product frataxin in iron-sulfur cluster biosynthesis. Our results therefore extend the range of known human diseases that are caused by defects in iron-sulfur cluster biogenesis.
Introduction
Myopathy with deficiency of succinate dehydrogenase and aconitase was initially reported by Larsson et al. in 14 patients from five families in northern Sweden. [1] [2] [3] The disease is characterized by lifelong severe exercise intolerance, in which minor exertion causes fatigue of active muscles, shortness of breath, and cardiac palpitations in association with lactic acidosis. Patients also experience episodes of rhabdomyolysis associated with muscle swelling and pain, weakness that may be profound, and myoglobinuria. Physiological investigations of these patients during exercise showed impaired muscle oxidative phosphorylation. Low maximal muscle oxygen extraction was associated with exaggerated circulatory responses, where the increase in cardiac output relative to oxygen utilization during exercise was four to six times normal. Biochemical studies indicated a deficiency in succinate dehydrogenase (SDH) 4 and aconitase 5 activities and the presence of electrondense, iron-rich mitochondrial inclusions. 5 A more generalized abnormality of muscle mitochondrial iron-sulfurcluster-containing proteins, including the mature Rieske iron-sulfur protein of complex III and several subunits of complex I, was subsequently demonstrated, 6 with the heart and vascular smooth muscles spared. In the current study, we found a common region of homozygosity in three patients from three families originating from northern Sweden and confirmed a founder haplotype. Within that interval, we further identified a single intronic mutation in the gene for the iron-sulfur cluster scaffold protein ISCU. This homozygous mutation strengthens a weak splice acceptor site and results in reduced levels of ISCU mRNA and protein, leading to adverse effects on ironsulfur proteins and intracellular iron homeostasis.
Material and Methods

Affected Individuals and Families
We studied three affected individuals (P1, P2, and P3), aged 37, 39, and 66 years, respectively, from three different pedigrees and the unaffected offspring (H1), aged 44 years, of one of the affected individuals (P3). There was no known consanguinity in any of the three families, all of which originated in northern Sweden. Patient P1 has been extensively reported elsewhere, 5, 6 and patient P3
belongs to family A in the genealogical report of Drugge et al. 3 All patients had a history of lifelong exercise intolerance with symptoms of muscle fatigue, shortness of breath, and tachycardia with minor levels of physical exertion, associated with episodes of myoglobinuria. Physiological investigations revealed low work (0.3-0.5 W/kg, normal mean 2-3 W/kg) and oxidative capacity (10 to 12 ml/kg/min, normal mean 5 standard deviation [SD], 39 5 5 ml/kg/min) in all patients, together with a marked deficiency of succinate dehydrogenase (SDH, 0.5 to 0.8 mmol/min per g tissue, normal mean 5 SD 1.8 5 0.5 mmol/min per g tissue) and aconitase (1.9 to 3.1 mmol/min per g tissue, normal mean 5 SD 7.8 5 2.0 mmol/min per g tissue) in the patients' muscle. The unaffected offspring, H1, had normal results of both physiological and biochemical investigations. We obtained blood samples and skin and muscle biopsies from the three affected individuals and the unaffected offspring after they had given written consent in accordance with the Institutional Review Board for Human Studies of the University of Texas, Southwestern Medical School, which approved the experimental protocol. Genomic DNA was extracted from leukocytes via standard procedures. Skin biopsy was performed on the volar forearm with a 4 mm diameter skin-biopsy punch (Miltex), and fibroblasts were cultured in fetal calf serum. Vastus lateralis muscle biopsies were performed with a 6G Bergstrom needle (Popper). Muscle samples were snap frozen and stored in liquid nitrogen until analyzed biochemically, or they were frozen in 2-methylbutane (isopentane), precooled to approximately À150 C in liquid nitrogen, and then stored at À80 C or in liquid nitrogen for histochemistry.
SNP Microarray Genotyping and Mutation Detection
The disease was assumed to be recessive with homozygosity by descent. The four individuals were genotyped with Infinium HumanHap550 SNP genotyping chips, which contain 555,352 unique SNPs, as per the manufacturer's instructions (Illumina). An Illumina BeadStation scanner and data-collection software were used to collect the data. BeadStudio's genotyping module (v2.3.25, Illumina) was used to generate genotypes. Genome viewer, a visualization tool from BeadStudio, was then used to investigate the log R ratio and the B allele frequencies of the SNPs. The candidate gene ISCU was PCR amplified and sequenced in the four genomic DNA samples by dye-terminator sequencing (BigDye version 3.1; Applied Biosystems). For the ISCU genomic DNA amplification, primer sets were designed to cover the entire sequence and 2 kb upstream of the ISCU gene (primer sequences and conditions used in the sequencing analysis are available upon request). Sequences were aligned and compared with consensus database sequences with Sequencher 4.7 software (Gene Codes Corporation).
RNA Analysis
RNA was extracted from muscle of the three affected and unaffected individuals and two unrelated controls. Total RNA was 
Aconitase Activity and Western Blotting
Muscle lysates were prepared in an anaerobic chamber to minimize loss of enzyme activity and degradation of oxygen-sensitive proteins. Frozen muscle samples were homogenized with a mortar and pestle chilled with liquid nitrogen and were lysed in argon-saturated lysis buffer containing 25 mM Tris-Cl (pH 7.5), 40 mM KCl, 1% Triton, 2 mM citrate, 1 mM DTT, 0.6 mM MnCl 2 , 1 mM AEBSF, and complete TM EDTA-free protease inhibitor cocktail (Roche Applied Science). The mitochondrial and cytosolic aconitases were separated from total cellular extracts electrophoretically on nondenaturing PAGE, and the aconitase activity was performed as previously described. 7 The antibodies used in these studies were as follows: rabbit polyclonal anti-IRP1, 7 rabbit polyclonal antim-aconitase, 7 and monoclonal anti-tubulin (Sigma). For ISCU, we used rabbit polyclonal antibody, 8 for which the epitope is in the middle of the protein (KLQIQVDEKGKIVDARFK) and mostly encoded by exon 3.
Histochemistry Studies
Unfixed frozen muscle sections were serially cut at 10 mm thickness, applied to cover glasses or glass-plus slides, and air-dried. SDH stains were performed immediately after sectioning as previously described. 9 Serial sections reserved for iron staining were Figure 3 . Sequences of the Splice Mutation and the Additional Exon 4A The intronic Swedish myopathy mutation, and exon 4A. Genomic sequences of exons 4 and 5 with the corresponding protein residues indicated in purple. The intronic mutation in patients (g.7044 G/C), indicated by an arrow, extends a polypyrimidine tract (in green) and leads to the inclusion of an additional exon 4A (in blue) that is predicted to result in a premature stop codon (marked as *) 53 bp upstream from the last exon junction. Numbers indicate ISCU protein-codon residues.
wrapped in foil and stored at À80 C. Sections were thawed just prior to staining. Perl's Prussian Blue stain for ferric iron was adapted from a protocol previously described. 7 Muscle sections were fixed in 10% neutral buffered formalin solution for 10 min, followed by rinsing in Millipore Milli-Q Plus water for 5 min. Slides were rinsed in running tap water for 5 min. They were then dehydrated in alcohol (95% 3 2; 100% 3 3), cleared in xylenes (3 3), and mounted with Cytoseal mounting medium. Photomicrographic images were observed with a Nikon FXA Microphot and were captured with a Nikon DXM 1200F camera.
Results
We used single-nucleotide polymorphism (SNP) microarray genotyping for homozygosity mapping in three affected patients and one patient's unaffected offspring in three separate families from northern Sweden. The SNP analysis showed shared homozygosity in the affected individuals in a 2.7 Mb segment of chromosome 12q (Figure 1 ). Haplotypes were conserved across the interval of homozygosity, consistent with a common origin (Figure 1 ). This interval contains 43 known genes and two open reading frames, among which the iron-sulfur-cluster assembly enzyme ISCU was the most likely candidate in light of the biochemical defect in the patient muscle. ISCU is believed to be the primary scaffold upon which iron-sulfur clusters are assembled, and it has two known isoforms in humans, cytosolic and mitochondrial, resulting from alternative splicing near the 5 0 end of the pre-mRNA. 8, 10 These isoforms are thought to coordinately drive the reprogramming of iron metabolism in different subcellular compartments to regulate overall cellular iron trafficking in response to iron needs. 7 We sequenced all exons and introns, the 3 0 UTR, and 2 kb upstream of the ISCU gene to cover the likely promoter region. We found a single intronic change at position 107,485,556 bp of chromosome 12, hereafter named g.7044 G/C (GenBank accession number EU334585), homozygous in all patients and heterozygous in the unaffected offspring (Figure 2 ). We analyzed 568 chromosomes from controls originating from the same region in northern Sweden as the patients and found only three heterozygous changes of this nucleotide, resulting in an allele frequency of approximately 1/188 in this population. We also analyzed 584 chromosomes from non-Swedish European and American controls and found no change of this nucleotide.
Because this mutation replaces a repressive G with a C and extends an intronic polypyrimidine tract in intron 4 (to TCTTTC instead of TCTTTG), 11 we hypothesized that it induced abnormal splicing of the ISCU pre-mRNAs. The splice prediction tool of Berkeley Drosophila Genome Project confirmed that the genomic position at which we found the homozygous change is located within the polypyrimidine tract of a potential splice acceptor site, which would promote spliceosome assembly. The probability score for this splice acceptor site to be functional would be strengthened from 0.87 (on a scale from 0 to 1) to 0.95, as a result of the single-nucleotide substitution found in the Swedish patients. Similar results were obtained when other splice prediction tools were used, e.g., NetGene2 server. RT-PCR performed in patient and control muscle with subsequent cDNA sequencing revealed the existence of a previously unrecognized ISCU transcript containing an additional exon (exon 4A, GenBank accession number EU329002), upstream of the known terminal exon (Figures 3 and 4A) . Quantitative RT-PCR performed in patient muscle confirmed that the retention of exon 4A in the ISCU mRNA is markedly enhanced compared to controls (data not shown). With the homozygous mutation, the ISCU transcripts containing exon 4A are more abundant in patient muscle compared to controls ( Figure 4A ). In addition, qRT-PCR revealed a decrease in the total ISCU mRNA levels in patient muscle; exon 1A-2, 1A-1B, 2-3, and 3-4 levels were 38%-46%, 18%-44%, 40%-46%, and 35%-43% of controls, respectively, whereas exon 4-5 levels were 7%-8% of controls. It is possible that the stability of the ISCU mRNA is altered in skeletal muscle because of the inclusion of the Swedish myopathy exon, which would introduce a premature stop codon 53 bp upstream from the last exon junction and therefore possibly activate nonsense-mediated decay (NMD) (Figure 3 ). However, we could not test this hypothesis because the level of ISCU mRNA in cultured fibroblasts was normal. Accordingly, when we added cycloheximide, mRNA levels from patient fibroblasts did not change. Use of cycloheximide in Numbers designate ISCU protein-codon residues, and the residues corresponding to the a6-helix are indicated. cultured muscle cells from patients could potentially allow insight into why mRNA levels decrease in the skeletal muscle of these patients, where NMD may be selectively activated. 12 Further studies in patient muscle indicate the existence of additional transcripts also containing sequences of the exon 4A ( Figure 4A ). However, these transcripts are in very low abundance, and their rare presence in control muscle as well (data not shown) strongly argues against their having a role in the disease. Consistent with a deleterious effect of the mutation on the ISCU protein, western-blot analysis of patient muscle showed a substantial reduction of the normal mitochondrial isoform (m-ISCU) ( Figure 4A ), in agreement with the major reduction of normal transcript containing exons 4 and 5 in patient muscle (to 7%-8% compared of controls). Furthermore, the mutation is predicted to alter the C terminus of ISCU, especially the highly conserved residues that are within the sixth a-helix ( Figure 4B ). Because this structural alteration is in the proximity of one of the invariant cysteine residues that are involved in the coordination of the iron-sulfur cluster, 13 it would probably diminish the ability of the mutant protein to assemble and deliver ironsulfur cluster to target proteins. Given that the epitope for the ISCU antibody recognizes a part of the protein that is mostly encoded by exon 3, both wild-type and mutant proteins would be recognized. However, the western blot did not detect any mutant m-ISCU. This may be explained by the following: (1) the activation of NMD in patient muscle as a result of the premature stop codon and consistent with the overall reduction of ISCU transcripts (40% of controls on average); (2) the splicing defect resulting in an alteration of the C terminus of ISCU, a change that could affect the stability of mutant peptide or its ability to dimerize properly; 14 and (3) a dominant-negative effect of the mutant peptide on the stability and functioning of the normal peptide. We analyzed the functional consequences of low muscle m-ISCU on iron-sulfur proteins and intracellular iron homeostasis in patient muscle. Activities of both mitochondrial aconitase and the bifunctional cytosolic aconitase/ iron regulatory protein 1 (IRP1) 15 were decreased in the patient muscle ( Figure 5B ). Supporting previous biochemical findings, the protein levels of mitochondrial aconitase were reduced in patients compared to controls ( Figure 5A ). The protein levels of the iron-sensing protein IRP1 were also low in patient muscle ( Figure 5B ), suggesting a destabilization of these iron-sulfur proteins as a result of the loss of iron-sulfur clusters. 16 Addition of a reductant such as b-mercaptoethanol activates the binding of IRP1 to transcripts containing iron-responsive elements (IREs) by converting cytosolic aconitase to the IRE-binding form. Gelshift assays showed that the amount of activatable IRP1 was reduced in patients compared to controls, consistent with the decrease in aconitase activity ( Figure 5C ). In addition, histochemical studies showed a notable increase in iron staining in patient muscle fibers compared to controls ( Figure 6 ). This iron overload was observed exclusively in SDH-negative fibers, where m-ISCU is likely to be most depleted ( Figures 6A and 6B ). However, we found no evidence of fiber-type specificity with respect to SDHnegative, iron-overloaded fibers. The punctate distribution of the iron staining in patients with this myopathy with deficiency of succinate dehydrogenase and aconitase is consistent with the mitochondrial iron overload previously detected in ultrastructural studies of these patients. 5 This punctate ferric-iron staining is also reminiscent of the iron deposition pattern observed in cells depleted of m-ISCU by siRNA silencing, 7 emphasizing the downstream effect of the splice mutation on mitochondrial iron homeostasis in the muscle of these patients. Interestingly, all biochemical and histological studies were normal in the heterozygous individual ( Figures 5 and 6 ), consistent with a gene-dosage effect in this disease. To confirm that deficiency of m-ISCU is not a nonspecific effect of mitochondrial respiratory-chain defects, we analyzed muscle from a patient with a mitochondrial myopathy due to a single large mitochondrial DNA deletion, Figure 6 . SDH and Iron Staining in Skeletal Muscle Histochemistry of skeletal muscle from a northern Swedish patient (A and B), the heterozygote (C and D), and a control (E and F). Serial sections were stained for ferric iron (A, C, and E) and SDH (B, D, and F). Note the presence of intracellular iron overload in SDH-deficient fibers (marked with *) in the patient sample. The punctate distribution of the iron staining is consistent with the mitochondrial iron overload previously detected in ultrastructural studies of these patients. 5 which was abundant in the skeletal muscle. This patient's muscle had normal aconitase activity ( Figure 5B ) and normal SDH and iron staining (data not shown), as well as a relative increase (rather than a decrease) in m-ISCU levels ( Figure 5A ).
Discussion
We have shown that myopathy with deficiency of succinate dehydrogenase and aconitase is an autosomalrecessive metabolic disease caused by mutations in the ISCU gene. The splice mutation detected in patients from northern Sweden results in aberrant splicing, with the increased retention of an additional exon and the introduction of a premature stop codon in the penultimate exon; this ultimately alters the C terminus of the protein and decreases levels of ISCU mRNA and protein. The depletion of mitochondrial ISCU in muscle accounts for the biochemical and clinical phenotype, which is characterized by a deficiency in mitochondrial iron-sulfur proteins and impaired muscle oxidative metabolism.
Iron-sulfur clusters are prosthetic groups composed of iron and sulfur and are usually ligated to proteins via the sulfhydryl side chains of cysteine. Iron-sulfur clusters often function as electron acceptors or donors, and they are important for function of the mitochondrial respiratory chain. In humans, there are twelve known iron-sulfur clusters in respiratory complexes I-III. In addition to their importance in electron transfer, iron-sulfur clusters can ligate substrate in enzymes such as aconitase, which converts citrate to isocitrate, and iron-sulfur proteins can also have important structural and sensing roles. 10 In mammalian ironsulfur-cluster assembly, a cysteine desulfurase known as ISCS provides sulfur, and assembly of nascent iron-sulfur clusters takes place on ISCU, which functions as a scaffold upon which the cluster is assembled. 17 Frataxin is thought to participate in iron-sulfur-cluster assembly by binding ferrous iron to acidic residues 18 and thereby maintaining iron in a nonaggregated bioavailable form. In addition, frataxin physically interacts with ISCU, and this interaction probably facilitates delivery of iron from frataxin to nascent iron-sulfur clusters on ISCU. 19 The loss of the mitochondrial protein frataxin in Friedreich's ataxia is associated with reduced activity of various mitochondrial iron-sulfur proteins, including aconitase, 20, 21 and loss of frataxin eventually causes mitochondrial iron accumulation in the central nervous system and heart. 10, 20 Also, loss of glutaredoxin 5, which is important in iron-sulfur-cluster assembly, 22 results in sideroblastic anemia in humans with a glutaredoxin 5 splicing defect. 23 Of note, the defining characteristic of sideroblastic anemias is mitochondrial iron overload. Similarly, ISCU depletion results in abnormal iron staining, both in the muscle of patients with this myopathy 5 ( Figure 6 ) and in cell culture when ISCU levels are reduced by RNAi techniques. 7 Swedish myopathy therefore represents another example in which decreased ability to synthesize iron-sulfur clusters leads to mitochondrial iron overload. This observation supports the possibility that one or more iron-sulfur-cluster proteins act as sensors for regulation of mitochondrial iron homeostasis. 10 ISCU is now the third iron-sulfur-cluster assembly protein implicated in a human disease, along with frataxin and glutaredoxin 5. The interaction of frataxin with ISCU and the biochemical and histological features associated with this ISCU mutation also indicate that the myopathy is caused by defects in iron-sulfur cluster assembly and intracellular iron metabolism similar to Friedreich ataxia, but with different tissue specificity. It has been recently suggested that the downregulation of ISCU in frataxin-deficient cells further aggravates the deficiency of iron-sulfur proteins in Friedreich ataxia. 24, 25 The novel implication of ISCU in a human disorder may therefore contribute to a better understanding of the role of frataxin in mammalian iron-sulfur cluster assembly. In addition, this myopathy with succinate dehydrogenase and aconitase deficiency is an interesting example of a mutation that strengthens a weak splice acceptor site, resulting in exon retention and the subsequent overexpression of a deleterious isoform. Only a few examples of this mutational mechanism have been reported previously. 26, 27 Alternative splice variants with aberrant exon inclusion may also cause tissue-specific pathology due to the tissue-specific expression of partner proteins. 28 The identification of the disease-causing mutation in this metabolic muscle disease may offer new therapeutic options for the affected patients, for example through modulation of intracellular iron metabolism 29 or correction of the aberrant splicing with antisense oligonucleotides. 30 
